INTRODUCTION

What is Heterochrony?
The modern definition of heterochrony, a term originally coined by Ernst Heckel, describes changes in the relative timing of developmental events (de Beer 1930 (de Beer , 1958 Gould 1977 Gould , 1992 Gould , 2000 . Heterochrony includes relative variations in the timing of a developmental event between a mutant and wild-type organism or between distinct species. For example, the time of appearance of particular organs or appendages, relative to others, can diverge. Such heterochronic variation in phylogeny is common and, like homeosis, is considered a major force in evolution. In this review, we discuss genetic analyses in Caenorhabditis elegans that revealed how development along the axis of time can be regulated and extrapolate from these findings a discussion of how analogous genes may regulate other temporal sequences of developmental events in a variety of organisms and how differences in these genes may underlie heterochronic variation between species.
The duration of larval or juvenile stages and the retention of certain juvenile features in adulthood can be dramatically different between related species. Such shifts may alter the developmental stage at which reproductive maturity is achieved. A classic example of this type of heterochrony is the Mexican salamander, Ambystoma mexicanum (Frieden 1981 , Huxley 1920 . Normally, A. mexicanum becomes sexually competent while retaining gills and other juvenile characteristics. However, exposure to thyroid hormone can induce metamorphosis into an adult form reminiscent of other salamander species, demonstrating that a genetic defect, thyroid hormone production in this case, can dramatically shift the developmental program. Instead of delaying somatic maturation, other salamander species, such as Bolitoglossa occidentalis, become sexually mature animals with juvenile features by accelerating gonad development (Alberch & Alberch 1981) . Although the presence of juvenile characteristics in the reproductively mature animals in these examples results from disparate developmental programs, the changes fall under the rubric of heterochrony. Other examples of the role of heterochrony in development and evolution have been highlighted (de Beer 1958 , Gould 1977 , McKinney 1988 , Raff & Kaufman 1983 , Slack & Ruvkun 1997 , Zelditch 2001 .
Observations that heterochrony between related species can result from variation in perhaps single genes have laid the foundation for experimental investigations into the genetic underpinnings of relative temporal differences.
HETEROCHRONY AND NEMATODE DEVELOPMENT
Almost twenty years ago, Ambros & Horvitz (1984) described four mutations in the nematode C. elegans that altered temporal programs of development. They surmised that the activities of gene products encoded by these loci are temporally regulated to in turn control the relative timing of cell division and cell fate and classified these genes as heterochronic. Today, we know the molecular identities of these genes as well as several others that fit the heterochronic definition (Table 1) and have ordered their activities into a pathway. The molecular identities of these genes reveal a cascade of temporally regulated tiny regulatory RNAs that regulate the expression of protein-coding mRNAs, consistent with the general predictions of Ambros & Horvitz.
The Heterochronic Pathway in C. elegans
C. elegans hatches as a ∼550-cell first stage larva (L1), undergoes three additional larval stages (L2-L4), punctuated by molts, to produce a ∼960-cell adult hermaphrodite about two days later. The timing and type of post-embryonic cell divisions that build an adult worm are virtually invariant (Sulston & Horvitz 1977 , Sulston et al. 1983 . Heterochronic mutations revealed that single genes coordinate the temporal progression of development, for example, patterns of cell division and differentiation appropriate for the age of the worm, in a wide variety of tissues (Ambros 1997 , Ambros & Horvitz 1984 . Mutations in heterochronic genes can cause stage-specific cell division patterns to be repeated (retarded development) or skipped with later patterns expressed early (precocious development). Often, only certain cell types are affected by a heterochronic mutation, creating a mosaic animal with both larval and adult tissues. The heterochronic pathway in C. elegans was first realized by the phenotypes caused by lin-4, lin-14, lin-28, and lin-29 mutant alleles (Ambros & Horvitz 1984, Chalfie et al. 1981) . Certain somatic cell lineages in the lin-4 and lin-29 mutants repeat larval programs of division at later stages (Figure 1 ), but gonad development occurs at a normal rate and, thus, these retarded mutants become reproductively mature before achieving full adulthood. Conversely, mutations in lin-28 cause precocious expression of adult cell fates relative to maturation of other tissues. Mutations in the lin-14 gene direct either retarded or precocious development depending on whether the alteration inactivates or inappropriately activates the gene (Figure 1) . Analyses of the phenotypes produced by combinations of these heterochronic mutants and cloning of the responsible genes revealed the foundations of a regulatory pathway that specifies a temporal series of distinct cell fates as the animal progresses through larval stages to adulthood.
Succession of certain cell fates from first to second larval stage relies on induction of lin-4 expression and reduction of lin-14 activity (Ambros 1989; Ambros & Horvitz 1984 , 1987 Ruvkun & Giusto 1989) . LIN-14 encodes a nuclear-localized protein that is expressed in cells of the hypodermis, intestine, body wall muscle, nerve ring, and ventral nerve cord of embryos and early first larval stage worms (Ruvkun & Giusto 1989) . Transition to the second larval stage fates coincides with dramatic reduction in the level of LIN-14 protein in most tissues (Ruvkun & Giusto 1989) . Loss-of-function mutations in lin-14 cause omission of L1 fates and precocious expression of later larval division patterns in certain cell lineages (Ambros & Horvitz 1984) . However, gain-of-function lin-14 alleles that prohibit down-regulation of LIN-14 protein levels produce reiterated execution of L1 type programs (Ambros & Horvitz 1984 , Ruvkun & Giusto 1989 (Figure 1 ). Thus L1 character is directed by lin-14 activity, which then must be down-regulated for progression to later larval cell fates.
Negative regulation of lin-14 at the end of L1 requires lin-4 (Ambros 1989 , Ambros & Horvitz 1987 . Similar to the gain-of-function mutations in lin-14 (Ambros & Horvitz 1984) , mutations in lin-4 cause reiterated expression of L1 programs (Chalfie et al. 1981) (Figure 1 ). The lin-4 gene encodes a 22nt untranslated RNA (Lee et al. 1993 ) that is complementary to multiple sequences in the lin-14 3 untranslated region (UTR) (Wightman et al. 1993) . The lin-4 RNA is first expressed midway through the L1 stage (Feinbaum & Ambros 1999 , Lee et al. 1993 ) to target lin-14 mRNA for down-regulation via base-pairing interactions with multiple sites in its 3 UTR (Wightman et al. 1993 ). This control is abolished by mutations in lin-14 that remove lin-4 complementary sequences (Wightman et al. 1991 (Wightman et al. , 1993 . Failure of lin-4 RNA to regulate LIN-14 protein production prohibits developmental progression from first to later larval cell lineage programs (Feinbaum & Ambros 1999) . The lin-4 RNA binds to the lin-14 3 UTR in vitro, and this binding is dependent on the lin-4 complementary sites in the lin-14 3 UTR (Ha et al. 1996) . Also, the lin-14 3 UTR is sufficient to confer lin-4 dependent down-regulation on a reporter gene (Wightman et al. 1993 ). Orthologs of lin-4 and lin-14 appear restricted to nematodes (Hong et al. 2000 , Reinhart & Ruvkun 2001 , suggesting that this regulatory module is an invention of the nematode clade. In constrast, as described below, other components of the heterochronic pathway that act later in development are highly conserved, which suggests their evolution deeper in animal phylogeny.
In addition to controlling the timing of stage-specific cell divisions, lin-14 also regulates particular cell fates that are temporally regulated but not associated with cell division. For example, a set of GABAnergic motor neurons undergoes synaptic remodeling at the end of the L1 stage (White et al. 1978) . In lin-14 loss-of-function mutants, these neurons remodel prematurely upon hatching to L1 stage animals (Hallam & Jin 1998) . The precocious rewiring of these neurons is rescued by expression of lin-14 in the affected GABAnergic neurons, indicating that LIN-14 protein can act cell autonomously to direct the timing of rewiring (Hallam & Jin 1998) . lin-14 also controls the cell cycle schedule of certain cell types (reviewed in Ambros 2001). Vulval precursor cells (VPCs) emerge during the first larval stage and remain suspended in G1 until the mid-L3 stage at which point they then divide (Sulston & Horvitz 1977) . Loss-of-function mutations in lin-14 result in premature VPC divisions during the L2 stage due to a shortened G1 phase; gainof-function mutations in lin-14 have the opposite effect on the VPC cell cycle and cause delayed divisions (Euling & Ambros 1996) . Thus lin-14 coordinates early larval temporal patterning by regulating the timing of cell divisions, cell cycle progression, and cell fate specification.
Another heterochronic gene regulated by the lin-4 RNA is lin-28. This gene product acts analogously to lin-14 but specifies L2-type cell fates. Loss-of-function mutations in lin-28 cause precocious expression of L3 stage cell division patterns during the L2 stage (Ambros & Horvitz 1984) . LIN-28 protein is cytoplasmically localized and contains potential nucleic acid-binding domains that have been proposed to function in post-transcriptional gene regulation (Moss et al. 1997 ), but its targets are yet to be discovered. LIN-28 expression progressively diminishes in response to rising lin-4 RNA levels (Moss et al. 1997) . The 3 UTR of lin-28 mRNA contains one sequence with complementarity to lin-4, which targets it for negative regulation by the tiny RNA (Moss et al. 1997) . The difference in number of lin-4 complementary sites between lin-14 and lin-28 may mediate distinct gradients in the decline of lin-14 versus lin-28 gene activities. To advance from L1 to L2, lin-4 RNA may efficiently target lin-14 for negative regulation via multiple complementary sites in its 3 UTR. However, lin-28 activity is required for execution of L2-type lineages, and thus a delay in its down-regulation to below threshold levels may be accomplished by the presence of only one lin-4-responsive site.
lin-4 is not the only tiny RNA regulating gene expression in the heterochronic pathway. The transition from L4 to adulthood requires let-7, which encodes another 22nt RNA. The let-7 RNA is first expressed during the late L3 stage and is present at all subsequent stages . Mutations in let-7 cause hypodermal cells at the nominal adult stage to reiterate late larval cell divisions instead of terminally differentiating to the adult fate . The let-7 RNA negatively regulates expression of the protein-coding gene lin-41, which contains two sites of complementarity to let-7 in its 3 UTR . let-7 mutants fail to down-regulate lin-41, which results in repetition of late larval cell division patterns in certain cell types during the adult stage. Conversely, insufficient lin-41 activity causes precocious expression of adult fates during the nominal L4 or even L3 stages .
LIN-41 protein localizes to the cytoplasm of various cell types, including neurons, body wall and pharyngeal muscles, and cells of the somatic gonad . The molecular function of this protein is yet to be determined, but it bears several conserved motifs common to members of the RBCC (RING finger, B box, coiled coil) protein family (Freemont 1993 . Additionally, LIN-41 contains six copies of the 44-amino acid NHL (Ncl-1, HT2A, and Lin-41) domain (Slack & Ruvkun 1998) . RING finger domains have been implicated in E3 ubiquitin ligase activity (Freemont 2000) and the NHL domains of the Drosophila protein BRAT mediate translational control of target mRNAs (Sonoda & Wharton 2001) . Thus LIN-41 could negatively regulate protein expression of lin-29, for example, at the level of protein stability or synthesis (see below).
Translational control is the favored mechanism by which the lin-4 and let-7 RNAs inhibit gene expression. The abundance of the lin-14 and lin-41 target messages does not significantly decrease upon expression of the corresponding 22nt RNAs (Olsen & Ambros 1999 , Wightman et al. 1993 , making it unlikely that transcription or stability is altered. Additionally, lin-14 mRNA remains associated with polyribosomes even after LIN-14 protein production halts in response to lin-4 RNA expression (Olsen & Ambros 1999) ( Figure 2 ). Thus base-pairing interactions between lin-4 RNA and the lin-14 3 UTR may permit ribosome loading but prohibit productive translation. Alternatively, translation may proceed normally, but the lin-4-lin-14 3 UTR duplexes may signal rapid degradation of the new protein product. Perhaps the potential for reversibility makes regulation at the translational level advantageous in the heterochronic pathway. For example, rapid or transient reinitiation of LIN-14 expression could be a critical response to altered environmental conditions.
The lin-4 and let-7 RNAs are expressed at precise times to regulate developmental timing and, thus, are called small temporal RNAs (stRNAs) . However, little is understood about how transcription of lin-4 and let-7 RNAs initiates at defined developmental periods. Feeding is required for synthesis of lin-4 RNA in the mid-L1 stage (Feinbaum & Ambros 1999) , but the trans-acting factors that relay this signal and the cis-acting elements in the lin-4 gene that respond to it are yet to be defined. let-7 RNA is first produced in the late-L3 stage , possibly in response to hormonal signaling. Certain mutations in the daf-12 gene, which encodes a nuclear hormone receptor protein (Antebi et al. 2000) , cause retarded development of several tissues (Antebi et al. 1998) , some of which are also affected by let-7 mutations. Furthermore, expression of normal levels of let-7 RNA depends on wild-type daf-12 activity (S. Lee & G. Ruvkun, personal communication) .
Similar to some of the phenotypes observed in lin-41 mutants, premature expression of adult cell fates in larval stages is seen in animals with mutations in lin-42 (Jeon et al. 1999 ), a gene that also contains a let-7 complementary site in its 3 UTR. LIN-42 protein bears regions of sequence similarity to the PAS domains harbored by proteins of the Drosophila and mammalian Period family (Jeon et al. 1999) , which regulate circadian rhythms, but overall LIN-42 is highly diverged from the PER genes (reviewed in Dunlap 1999) . A circadian rhythm in C. elegans has not been reported, but lin-42 may have retained molecular features of this gene family to regulate developmental timing instead. Analogous to the 24-h periodicity of Period mRNA expression, lin-42 mRNA levels oscillate approximatelyon a 6-h cycle that coincides with the C. elegans molting cycle (Jeon et al. 1999) .
In contrast to the precocious expression of adult cell fates in lin-41 and lin-42 mutants, L4 cell division patterns are reiterated continuously at the adult stage in lin-29 mutants. Because lin-29 mRNA is expressed three larval stages before the appearance of the LIN-29 protein, this gene may be negatively regulated at the level of translation or protein stability (Bettinger et al. 1996 , Rougvie & Ambros 1995 . Although experimental evidence that LIN-41 acts directly on lin-29 has not been established, the RING finger and NHL motifs in LIN-41 have been implicated in control of proteosome activity and translation, respectively, suggesting that LIN-41 could regulate lin-29 expression using one or both of these mechanisms of post-transcriptional control (Freemont 2000 , Slack & Ruvkun 1998 , Sonoda & Wharton 2001 . lin-29 encodes a zinc finger transcription factor that can bind specific regulatory sequences in the collagen genes, col-19 and col-17 (Rougvie & Ambros 1995) . lin-29 activity is required for expression of col-19 (Liu & Ambros 1991) and repression of col-17 (Liu et al. 1995) in hypodermal cells at the adult stage. Thus lin-29 may positively or negatively regulate the expression of specific genes to direct terminal differentiation of adult cells.
lin-41 and lin-42 activities suppress lin-29; in lin-41 or lin-42 loss-of-function mutants, expression of lin-29 occurs earlier than the normal L4 to adult time of transition (Bettinger et al. 1996 . Conversely, let-7 mutants that fail to down-regulate lin-41 and lin-42 activities exhibit delayed expression of LIN-29 protein . Taken together, the transition from later larval to the adult stage is driven by the temporally regulated production of let-7 RNA, which negatively regulates the expression of LIN-41, and perhaps LIN-42, which then permits synthesis of LIN-29 protein.
Conservation of let-7 and lin-41
The let-7/lin-41 regulatory circuit is evolutionarily conserved. Both the let-7 RNA and sequences complementary to it in the 3 UTRs of lin-41 orthologs are maintained from worms to vertebrates . Additionally, the temporal expression pattern of let-7 RNA is conserved , indicating that this ∼22nt RNA may control developmental timing broadly across animal phylogeny. One interpretation of the extensive conservation of the let-7 RNA /lin-41 late-acting regulatory circuit and the nematode-restricted conservation of the lin-4 RNA/lin-14 circuit is that the later molting program is more ancient and the earlier molt is a recent innovation of the nematode clade. For example, only members of the ecdysozoan clade, which includes insects and nematodes, undergo multiple molts, whereas members of the lophotrochozoan clade of animals, such as annelids and molluscs, go through a single larval to adult transition. In species of both of these clades, let-7 is expressed by the adult but not at earlier larval stages, suggesting that this RNA gene may have specified a transition from late larval to adult fates in a common ancestor of ecdysozoans and lophotrochozoans. In contrast, lin-4 and lin-14 may be inventions of the nematode lineage to specify L1 to L2 stage transitions. Drosophila, a member of the ecdysozoan clade, expresses let-7 at the transition from the third instar larval to the pupal stage and throughout adulthood. It will be interesting to learn whether distinct tiny RNA genes regulate early larval fates. For example, are there specific stRNAs that control the first and second instar larval stages in Drosophila, analogous to lin-4 RNA regulating early larval development in C. elegans?
Links to RNAi
RNAi is a method, similar to post-transcriptional gene silencing (PTGS) in plants and quelling in Neurospora, for decreasing the expression of a target gene by the processing of double-stranded RNA precursors to ∼22nt guide RNAs, called small interfering RNAs (siRNAs) (reviewed in Bernstein et al. 2001b , Maine 2000 , Zamore 2001 . Likewise, the lin-4 and let-7 stRNA genes produce longer, ∼70nt, partially double-stranded stem loop RNAs that serve as precursors to the 22nt forms (Grishok et al. 2001 , Hutvagner et al. 2001 , Ketting et al. 2001 , Lee et al. 1993 (Figure 2) . The Dicer RNase (Bernstein et al. 2001a ) that cleaves exogenous double-stranded RNAs to the ∼22nt small interfering RNAs (siRNAs) (Elbashir et al. 2001) , which direct RNAi, also processes the endogenous stRNA precursors to the ∼22nt forms (Grishok et al. 2001 , Hutvagner et al. 2001 , Ketting et al. 2001 (Figure 2 ). Decreased Dicer (called dcr-1 in C. elegans) activity causes pleiotropic defects, including retarded development due, at least in part, to inefficient generation of mature lin-4 and let-7 RNAs from their precursors (Grishok et al. 2001 , Ketting et al. 2001 .
Another connection to RNAi directed by siRNAs and the heterochronic pathway regulated by stRNAs is the involvement of members of the PIWI/PAZ domain family of proteins. A C. elegans member of the PIWI/PAZ family, RDE-1 (RNAi defective), is essential for RNAi (Tabara et al. 1999) . The paralogs ALG-1 and ALG-2 (argonaute-like gene, named for the closely related Arabidopsis gene (Bohmert et al. 1998) regulate the maturation and function of the lin-4 and let-7 tiny RNAs (Grishok et al. 2001) (Figure 2) . Inactivation of alg-1 and alg-2 causes heterochronic defects consistent with the dysregulation of lin-4 and let-7 maturation.
The function of the PIWI and PAZ domains are unknown, but the amino acid sequences are highly conserved from fungi to humans (Cerutti et al. 2000) . Notably, DCR-1 and its orthologs also harbor PAZ domains (Bernstein et al. 2001a , Cerutti et al. 2000 . A reasonable model is that the RDE-1 protein functions with the DCR-1 RNase to facilitate processing of siRNAs from dsRNA, whereas the ALG-1/ALG-2 proteins function with DCR-1 to mediate the maturation and function of the stRNAs lin-4 and let-7. Consistent with this segregation of functions, null mutations in RDE-1 reveal no heterochronic phenotypes, and inactivation of ALG-1 and ALG-2 does not interfere with RNAi (Grishok et al. 2001 , Tabara et al. 1999 . Curiously, there are 24 PIWI/PAZ protein genes in C. elegans compared with about one fourth that number in other sequenced genomes (Grishok et al. 2001) . In C. elegans each of the PIWI/PAZ proteins may mediate the expression of distinct sets of RNAs by DCR-1, whereas limited versions of these proteins in other species may show less selectivity.
The potency of RNAi results from an amplification step that generates additional siRNAs (Lipardi et al. 2001 ). This amplification is accomplished by extension of the antisense half of the siRNAs using the target mRNA as a template. In C. elegans RNA-dependent RNA polymerase genes are required for the generation of the secondary siRNAs . Although deletion of the RNA-dependent RNA polymerase gene rrf-1 prevents amplification of the RNAi signal in somatic tissues, rrf-1 mutant animals exhibit no apparent developmental defects, making it unlikely that this gene is critical for expression or amplification of lin-4 or let-7 stRNAs. However, there are three other RNA-dependent RNA polymerase homologs in the C. elegans genome that could provide redundant activities for generating lin-4 and let-7 stRNAs. In fact, the ego-1 RNA-dependent RNA polymerase gene regulates germline development as well as RNAi. Thus an RNA-dependent RNA polymerase amplification mechanism may regulate expression or amplification of other endogenous 22nt RNAs that function in germline development (see below).
Another curious feature of RNAi, as well as PTGS, is the ability of the initiating signal to spread to distant regions of the organism , Fire et al. 1998 . Presently, the exact nature of the mobile element is unknown, but it likely includes processed forms of the input RNA. Through a clever genetic screen, it was recently found that a protein with 11 transmembrane domains is required in C. elegans for spread of the RNAi signal (Winston et al. 2002) . The fact that worms harbor transmembrane proteins that may shuttle RNA molecules between cells raises the question of the endogenous role of such proteins. Although deletion of this protein receptor gene results in no obvious developmental abnormalities, it is possible that related proteins could mediate transport of endogenous RNAs such as lin-4 and let-7. The cellular origin as well as the final tissue distributions of these RNAs are yet to be identified.
MicroRNAs (miRNAs)
The conservation of the let-7 RNA across much of animal phylogeny showed that 22nt RNA genes are not exclusive to C. elegans . The action of Dicer and Argonaute proteins in expression of lin-4 and let-7 RNAs and the essential functions of these proteins for normal development support the possibility of other tiny RNA genes that mediate essential developmental decisions (Grishok et al. 2001 , Ketting et al. 2001 The new miRNAs are predicted to be processed from imperfect stem-loop precursors analogous to those of lin-4 and let-7 and therefore are likely to be processed by Dicer. The 22nt mature miRNA forms are apparently processed from the 5 or 3 region of the precursor stem and in some cases from both halves of the stem (Lau et al. 2001) . Members of the Argonaute family of proteins could also be involved in the maturation and function of these many miRNAs, with perhaps particular members of this protein family specialized for particular miRNAs.
So far, about 20% of the miRNAs have been shown to be conserved among nematodes, flies, and mammals, which suggests ancient roles in gene regulation. Only some of the miRNAs are temporally regulated over the time scales exploredembryonic, larval, and adult stages-suggesting that miRNAs regulate biological processes beyond temporal patterning. Consistent with essential roles for some miRNAs is the embryonic lethal phenotype caused by potent inactivation of C. elegans dcr-1 or alg-1/alg-2 (Grishok et al. 2001) . Some of the miRNAs are uniformly expressed over time, which could indicate more general roles in gene regulation.
The new miRNAs that are temporally regulated may function in the heterochronic pathway. A good candidate is mir-84, which shares with let-7 RNA 77% sequence identity, a similar developmental expression pattern, and conservation in nematodes, flies, and humans (Lau et al. 2001) . mir-84 and let-7 may be expressed in distinct tissues to regulate lin-41 targets, or mir-84 may be co-expressed with let-7 in the same tissues to regulate distinct downstream genes. Genetic analysis of mir-84 is warranted to establish a function in regulation of developmental timing.
Similar to lin-4 and let-7, many of the new miRNAs may recognize their targets for regulation via complementary sites in 3 UTRs. However, the identification of such genes by pure informatics is complicated by imperfect complementarity between miRNAs and the 3 UTR sequences of their targets, as is the case with lin-4 and let-7 and their respective targets, which were first identified by genetic analyses (Ha et al. 1996 , Lee et al. 1993 , Moss et al. 1997 , Wightman et al. 1993 . Some of the new embryonicspecific miRNAs could act in translational control pathways commonly utilized for regulation of maternal mRNAs in early development (Johnstone & Lasko 2001) . Translational control by miRNAs of protein-coding mRNAs tethered in dendritic regions of neurons may facilitate the localized gene expression proposed to mediate synaptic plasticity (Steward & Schuman 2001) .
Translational control may be just one type of gene regulation mediated by miRNAs. The employment of 22nt RNAs to recognize specific target sequences offers almost limitless potential for how gene expression can be regulated. For example, basepairing of miRNAs to 5 UTR sites could impede translational initiation, to pre-mRNA splice sites could direct alternative splicing, or to polyadenylation signals could alter mRNA stability. Even DNA sequences could be targets of miRNA regulation; duplex formation between miRNAs and DNA could alter transcription or replication either directly or by guiding modification of specific DNA sequences.
Why regulate gene expression with miRNAs? The expression of a 70nt RNA and processing to the 22nt form is likely to be much faster than the transcription of a >1000nt typical messenger RNA that undergoes extensive processing (i.e., splicing, polyadenylation) to generate the mature protein-coding mRNA. Although miRNA genes are functional in the RNA form, mRNA genes require translation into protein. miRNAs may mediate particularly rapid regulatory events. The speed of miRNA synthesis could allow their expression during the short cell cycles exhibited by many developing embryos and in turn regulate the translation of pre-existing maternal mRNAs. A transcriptional cascade of miRNA genes could trigger developmental transitions via translational control of those maternal mRNAs. Another advantage of gene regulation by miRNAs might be the possibility of rapid reversibility. For example, inactivation of the lin-4 RNA would allow for immediate expression of LIN-14 because the mRNA for this target gene remains associated with polysomes during repression by lin-4 (Olsen & Ambros 1999). Given that the 22nt siRNAs can act systemically with probable amplification in at least some organisms, it is possible that miRNAs may also undergo amplification and intercellular transport to control gene expression. Identification of the targets of the new miRNAs, as well as elucidation of their mechanisms of action, will ultimately help us understand the role of 22nt RNAs in gene regulation.
Presently, it is difficult to predict how many miRNA genes exist in C. elegans or in any other organism. There may be rare miRNAs with expression restricted to limited cell types, to limited periods in development, or to particular environmental cues. Such miRNAs may elude biochemical isolation and instead may be revealed by bioinformatic searches or genetic studies attuned to the possibility that alterations in noncoding tiny RNA genes could be responsible for mutant phenotypes. Not only is the number of miRNA genes in a given species likely to be great, these types of genes are also likely to be conserved across much of phylogeny. Orthologs of Dicer and Argonaute extend across the animal, plant, and fungal kingdoms (Cerutti et al. 2000) , indicating that miRNA genes may not be restricted to metazoans but instead may be discovered also in Arabidopsis thaliana or Schizosaccharomyces pombe, for example.
TEMPORAL DEVELOPMENT IN INSECTS Temporal Identity in the Brain
In Drosophila, neuroblasts divide in a spatially and temporally invariant pattern to give rise to the neurons and glia of the central nervous system (Bossing et al. 1996 , Schmid et al. 1999 . Following delamination from the neuroectoderm, neuroblasts produce specific lineages of daughter cells according to the position and timing of division. The temporal sequence of neurons generated is presaged by the temporal progression of transcription factor expression in the neuroblasts as they divide and generate particular neurons at each developmental stage. Most neuroblasts express a distinct, ordered pattern of transcription factors, Hunchback → Kruppel → Pdm → Castor, that dictate the fate of daughter cells (Harris 2001 , Isshiki et al. 2001 . In an individual lineage, firstborn neuroblast daughter cells express only hunchback(hb), whereas the final progeny cells produce castor (cas) (Figure 3) . Furthermore, these transcription factors are not merely markers for temporal stage; they actively specify the appropriate time-dependent lineage. For example, neuroblasts that lack hb activity fail to produce daughter cells of characteristic firstborn identity and instead produce neurons normally associated with later neuroblasts. The fates of later cell lineages remain unaffected (Isshiki et al. 2001) . Conversely, driving late expression of hb directs reiterations of firstborn fates (Isshiki et al. 2001) (Figure 3) . Likewise, the absence or misexpression of Kr prohibits the appropriate expression of secondborn cell fates (Figure 3 ). Thus alteration of hb or Kr expression can produce heterochrony in neuroblast lineage fates. The sufficiency and requirement of hb and Kr to direct firstborn and secondborn cell types, respectively, is reminiscent of the control lin-14 and lin-28 exert over specifying first and second larval stage lineages, respectively, in C. elegans (see above). Progression from these larval stages is achieved by down-regulation of lin-14 and lin-28 via lin-4 stRNA. It is yet to be determined how expression of hb and Kr is regulated to specify the appropriate temporal identity of neuroblast progeny. Similar sequences of neuron generation by neuroblasts have been noted in the mammalian cortex and could utilize a conserved molecular mechanism (Frantz et al. 1994a,b) .
An exciting possibility is that transitions over time scales involving just a few cell divisions may be mediated by the sequential expression of distinct miRNAs in successive neuroblast daughters and their neural progeny. For example, miRNAs complementary to particular transcription factor mRNAs could mediate downregulation of translation. An informatic search of hb mRNA sequences, for example, for regions complementary to miRNAs could reveal such a mechanism.
Regulated expression of miRNAs coupled to the neuroblast cell cycle or to extrinsic cues could be an important mechanism for patterning the generation of neural types over time and space.
A Time to Color in Butterflies
Coloration of butterfly wings is a late developmental event dependent upon pigment synthesis in specialized wing scale cells (detailed in French 1997 , Nijhout 1991 . During the pupal stage, wing epidermal cells differentiate to form scale cells that are competent to produce pigments. This cellular maturation progresses at different rates across the wing, and there is a correlation between the timing of scale cell differentiation and the colors exhibited. The earliest matured cells are painted vibrant colors, whereas the latest ones are melanized black. Thus butterfly wing patterns result from differential rates of scale cell maturation and the corresponding production of distinct pigments appropriate for the developmental stage. Again, a tantalizing possibility is that the temporal sequence of melanization could be mediated by the expression of miRNAs that regulate expression of target mRNAs; for example, catecholamine-modifying enzymes in the melanization pathway.
Heterochrony in the timing of scale cell maturation can produce radically different wing patterns (Koch et al. 2000) . The swallowtail butterfly Papilio glaucus normally displays bright yellow wings detailed with a distinct, striped black pattern. However, mutations that delay maturation of scale cells result in wings that are melanized almost entirely black (Figure 4) . Acceleration of scale cell development produces the opposite effect; Spotty mutants of Bicyclus anynana boast wings with two extra eyespots. In this case, cells that normally would mature late and thus would become melanized, instead undergo precocious maturation and produce pigments for coloring the additional eyespots. Each species of butterfly displays a unique wing pattern, and heterochrony in the rates of scale cell development may be an underlying mechanism for producing this diversity. Variation in the expression of regulatory miRNAs or in target melanization pathway genes could mediate such phylogenetic variation.
HETEROCHRONY AND PLANT DEVELOPMENT Temporal Patterning in Maize Leaves
Like most multicellular organisms, plants develop through distinct phases, and the proper timing of these developmental transitions is regulated (Lord & Hill 1987) . Post-embryonic shoot growth in maize, Zea mays, includes juvenile vegetative, adult vegetative, and reproductive growth phases. These stages are characterized by distinct morphological traits and sequential positions along the shoot growth axis. Structures indicative of the juvenile phase are located nearer the base of the plant relative to the later-developing adult attributes. The distinctions between juvenile and adult phases in maize have facilitated genetic studies of how these temporal transitions are regulated.
The Poethig group identified heterochronic mutations that can induce precocious adult cell identities or retarded juvenile traits in maize. Epidermal cells in plants with loss-of-function mutations in Glossy15 prematurely express adult fates (Evans et al. 1994) . Glossy15 encodes a putative transcription factor (Moose & Sisco 1996) and thus may regulate the expression of genes that dictate juvenile fates in maize epidermal cells. Gain-of-function mutations in Teopod1 and Teopod2 cause inappropriate expression of juvenile traits at the adult stage (Dudley & Poethig 1993) . Interestingly, these mutations direct retarded juvenile development in a non-cell-autonomous manner (Dudley & Poethig 1993) . Consistent with this observation, Teopod1 and Teopod2 gain-of-function mutations prolong expression of all juvenile traits (Dudley & Poethig 1993) . Although the identities of Teopod1 and Teopod2 have not yet been reported, genetic studies indicate that these genes may control the transition from juvenile to adult phases globally by producing extracellular signals that coordinate temporal development.
Gene Regulation by ∼22nt RNAs in Plants
Considering the essential role of 22nt RNA genes in heterochronic development in C. elegans, the question is raised as to whether such RNA genes regulate temporal patterning in the plant kingdom as well. Although the existence of 22nt RNA genes in plants is yet to be established, the generation and utilization of 22nt RNAs in PTGS is well established in plants (reviewed in . Furthermore, homologs of the Dicer RNase and ALG-1/ALG-2 proteins were first identified in Arabidopsis as regulators of plant development. Thus plants harbor the tools and mechanisms to employ 22nt RNAs in the regulation of normal cellular processes. Identification of miRNA genes in plants will help establish that these tiny regulatory RNAs are endemic to all multi-cellular organisms.
The involvement of double-stranded ∼22nt RNAs in post-transcriptional gene regulation was first discovered in plants (Hamilton & Baulcombe 1999) . Because the ∼22nt RNAs were homologous to the sequence of the mRNA targeted for destruction, they were predicted to serve as the specificity determinants for targeting select mRNAs for down-regulation in PTGS (Hamilton & Baulcombe 1999) . The PTGS system protects plants from viral infection or transposon hopping by recognizing aberrant or excessive RNAs often associated with these attacks (Figure 5 ). These abnormal RNAs may themselves fold into double-stranded structures or serve as templates for generation of dsRNAs that are then processed to the ∼22nt forms that propagate the PTGS signal for degradation of mRNAs containing homologous sequences. Interestingly, dsRNAs homologous to promoter sequences can initiate transcriptional gene silencing (TIGS) (reviewed in . As in PTGS, the dsRNAs are processed to ∼22nt forms, but in the case of TIGS, generation of these RNAs correlates with methylation of target DNA sequences and transcriptional silencing (Mette et al. 2000) . Thus endogenous miRNAs in plants (as well as in animals) could modulate gene expression at the transcriptional level as well by recognizing complementary sites in DNA regulatory sequences of target genes.
The Arabidopsis homolog of Dicer, CAF (carpel factory), contains RNA helicase, PAZ and RNaseIII domains (Bernstein et al. 2001a , Cerutti et al. 2000 , Jacobsen et al. 1999 and is, therefore, a prime candidate for also processing dsRNAs to the ∼22nt forms. Although a role for caf in PTGS is yet to be demonstrated, mutation of this gene causes defects in plant development, including unregulated floral meristem cell divisions and abnormal morphogenesis of leaves and floral organs (Jacobsen et al. 1999 ). Perhaps caf is required for processing of miRNAs that regulate these diverse developmental events. The caf mutation studied to date appears non-null, and complete loss of function of this gene may cause broader or more severe phenotypes. Thus similar to the pleiotropic defects caused by dcr-1 inactivation in C. elegans, phenotypes associated with mutation of caf in Arabidopisis could also result from insufficient generation of 22nt regulatory RNAs.
Mutations in the Arabidopsis gene argonaute (ago1) also produce global defects in plant development (Bohmert et al. 1998) . Additionally, mutations in ago1 impair PTGS . Thus ago1 could be involved in the generation or function of ∼22nt RNAs that direct gene regulation in plant development as well as PTGS. AGO1 shares conserved PIWI and PAZ domains with the C. elegans homologs RDE-1 and ALG-1/ALG-2 (Bohmert et al. 1998 , Grishok et al. 2001 , Tabara et al. 1999 . In C. elegans, the roles of these PIWI/PAZ proteins appear distinct, with RDE-1 functioning in RNAi, and ALG-1/ALG-2 regulating expression of the stRNAs that control developmental timing (Grishok et al. 2001 , Tabara et al. 1999 . The Arabidopsis genome contains several genes encoding PIWI/PAZ domain proteins in addition to ago1, making it possible that distinct members of this protein family could interact with specific ∼22nt RNAs generated during PTGS or expressed from endogenous plant miRNA genes.
SUMMARY AND OUTLOOK
Studies of the heterochronic pathway in C. elegans introduced us to the miRNA world, which has now exploded to more than 100 new 22nt RNA genes. The miRNAs may regulate a diverse array of developmental or physiological events via translational control or other RNA regulatory steps and miRNA targets might include DNA sequences as well, considering the connection between RNA directed DNA methylation and gene silencing in plants. About 20% of the known miRNAs are well conserved among nematodes, Drosophila, and humans. These miRNAs may regulate core processes that do not vary across phylogeny. The less conserved miRNA set may regulate more clade-specific events or may vary more quickly in evolution. The origin of 22nt RNA genes is yet to be discovered, but it is likely to be ancient considering that recognizable Dicer and argonaute homologs extend from humans to Schizosaccharomyces pombe. Although the biological roles of 22nt RNA genes are likely to be varied and extensive, temporal patterning may be especially suited to regulation by miRNAs. Rapid expression and the ability to act directly as RNAs may facilitate the precise developmental transitions regulated by lin-4 and let-7, thus far the only miRNAs with demonstrated functions. Because
